Mediterranean forests including Tunisian pine species are threatened by the rising of temperature and decreasing of precipitation. The impact of the increase of aridity differs across species depending on their stomatal and hydraulic responses. In this paper, three pine species: P. halepensis, P. brutia and P. canariensis growing in three different climatic zones: humid, sub-humid and semi-arid, were studied to detect their different responses to drought and guide their selection for reforestation program. Measurements carried out are hydraulic conductivity at point P 50 , specific conductivity (Ks), midday stem water potential and hydraulic safety margins. Results showed that during summer, vulnerability to embolism, estimated by water potential inducing 50% loss of xylem hydraulic conductivity (P 50 ), is strongly associated with the capacity for drought resistance. Pinus halepensis (P 50 = -4.19 MPa) was found to be more resistant to drought than P. brutia and P. canariensis in the semi-arid climate, whereas P. brutia tolerated the humid climate (P 50 = -3.7 MPa) and P. canariensis seems more adapted to the sub-humid climate (P 50 = -4.08 MPa). Hydraulic safety margins confirmed the conservative behavior of pine species to avoid drought and for maintaining relatively high water potential in dry conditions. These findings help to assess the impact of mid-summer water deficit on pine species in the context of climate change and to select among these species the most resistant for future reforestation programs.
Introduction
Global warming is rapidly changing climatic conditions worldwide, hotter drought periods are inducing tree mortality and, by the year 2050, there is likely to be a substantial reorganization of vegetation . Mediterranean forests are the most affected by these selective pressures (Ramirez-Valiente et al., 2010) . Mainly, Mediterranean pinewoods are subject to severe droughts (Martinez-vilalta & Pinol, 2002) . In this context, the study of variation among and within forest species in terms of cavitation resistance is very important in order to predict the potential of adaptation to climatic change (Choat et al., 2012) . Drought stress vulnerability has been shown to correlate with site water availability (Nardini et al., 2012) , with mean annual rainfall (Maherali et al., 2004) , and with the dry-end rainfall boundaries of species distributions (Blackman et al., 2012) .
Increasing tension in the water column may eventually lead to cavitation within the xylem by promoting the seeding of air bubbles into water-filled conduits (Sperry et al., 2002) . Cavitation reduces total plant hydraulic conductance, it limits the ability to transport water and nutrients to sites of growth and productivity and ultimately may lead to death . P 50 is the xylem pressure corresponding to a 50% loss of conductivity, and it is a proxy of cavitation resistance. It is widely used as a comparative index of xylem hydraulic safety, within different parts of the same individual and within species across environmental gradients (Maherali et al., 2004) . However, reaching P 50 indicates that a hydraulic failure has already occurred .
Species have been shown to vary considerably in P 50 , ranging from -0.18 MPa (highly vulnerable) to -14.1 MPa (highly resistant) (Maherali et al., 2004) . Much of this variation has been explained by a safety-efficiency trade-off because xylem conduits (tracheids in conifers) offer greater resistance to embolism (Burgess et al., 2006) . Hydraulic safety margins (HSMs) were calculated as the difference in water potential between the minimum value experienced in the field and the value at either 50% loss of xylem hydraulic conductivity (P 50stem ) (Meinzer et al., 2009 ).
HSMs reflect the degree of hydraulic conservatism of a plant or a given organ (Meinzer et al., 2009; Johnson et al., 2016) . HSMs have been used to estimate the water potential threshold leading to catastrophic hydraulic failure in leaves and stems (Meinzer et al., 2009 ).
The safety margin and efficiency increase with climate but it could arise from the design properties of the xylem tissue itself (Allen et al., 2010) . However, large differences in hydraulic safety margins have been noticed among species growing in the same habitat and one species can, therefore, be favored over another under certain conditions (Urli et al., 2015) . Tunisian forest covers different species of Pinus, three of pine species are the subject of our study.
Aleppo pine (Pinus halepensis Mill.) is an important forest tree in the Mediterranean region (Klein et al., 2011) . It is native and the most abundant pine species in Tunisia (You et al., 2016) . The ability of Aleppo pine to survive and grow in various environments indicates that it is a highly tolerant species (Klein et al., 2012) .
Calabrian pine (Pinus brutia Ten.), native to the eastern Mediterranean region, can be found in many southern Mediterranean countries. Because of its drought tolerance, it is well adapted to dry summer conditions. The species was widely planted from the '30s to the'70s in Mediterranean areas for soil protection and windbreaks near the coast (Lopez et al., 2016) . In Tunisia, this species was introduced in 1960.
Canary pine (Pinus canariensis) is an endemic species of the Canary Islands. Current environmental conditions are very different from those in which this species evolved a much wetter climate even during the late Holocene (De Nascimento et al., 2009) . Despite its small distribution area, the species grows across a wide climate (from xeric conditions to mixed forest). In Tunisia this species was introduced since 1965.
A better evaluation of the impact of drought on pine species in Tunisia is important for successful forest management and for new plantations.
Based on a functional link between stem hydraulic vulnerability and drought resistance, across species. The aim of the study was to assess and compare the level of variability of P 50 within-pine species in stem and across sites in summer months 2016; (2) to detect the interaction between species and climate; (3) to examine the relationship between water transport efficiency and P 50 and (4) to select the most droughts tolerant pine species through comparing the P 50 and measuring the safety margin.
Method

Study site
The study was carried out in three arboreta (Figure 1 
Sampling
Drought-induced resistance to cavitation and hydraulic conductivity were evaluated in branches collected from three trees studied. For each pine species, we collected three branches of three trees with a mean diameter at breast height (DBH) = 16±0.3 cm and high 13.5±2.5 m. As a total nine branches of each pine species were considered for hydraulic measurement.
Hydraulic experiments started with the collection of samples from three different sites during the summer of 2016 (June, July and August). The hydraulic measurements of the species in the three sites were carried out separately during three days for each month starting from the initial day of collection. Then, the average of three measurements was taken, in order to represent the hydraulic status in the summer period.
Twig water potential and midday water potential were measured with a pressure chamber (Scholander et al., 1965) to construct the vulnerability curves and to measure safety margin, respectively. Three twigs were measured from each tree. Measurements were taken on the same date as the hydraulic measurements.
Native Embolism
Native embolism (% of the loss of conductivity) and specific conductivity were measured on stem segments using XYL'EM, a xylem embolism meter (Bronkhorst, Montigny-les-Cormeilles, France) (Cruiziat et al., 2002) . The technique involves measuring the hydraulic conductance of segments before and after water refilling (Ki and Kmax, respectively). The samples were selected from the upper part of the crown using a pool-pruner. Branches collected early in the morning from each site then bagged and kept in a cooler until they could be transported to the lab (Wheeler et al., 2013) . Once in the lab, they were conserved in a cold room and immediately the measurements had begun on the same day for the three sites.
Each branch was re-cut under water with a razor blade into three stems 30 cm long with a 5-7 mm vessel diameter (n = 27) to remove artificial embolism and to release tension gradually. The solution used was a mixture of 10 mM KCl and 1 mM CaCl 2 . Ki and Kmax (kg s -1 MPa -1
) were measured at low pressure (60 kPa). Before measuring Kmax, vacuum rehydration was used in our measurements to avoid vessel embolism.
Vulnerability Curves
Vulnerability to xylem cavitation was assessed using the bench dehydration technique (Cochard et al., 2005) . The observed curve was fitted to a logistic function (Pammenter & Vanderwillingen, 1998) :
From the equation of the curve, we could determine a xylem water potential causing 50% loss of hydraulic conductivity at point P 50 (Spark & Black, 1999) , and S is related to the slope of the vulnerability curve at P 50 .
Specific Conductivity
Hydraulic conductivity (Kh, kg s -1 m -1 MPa -1 ) was measured according to the method described by . Segments were perfused with a degassed diluted solution of water and HCl (pH = 2) filtered with a 0.1 µm filter. Specific conductivity (Ks, kg s -1 m -1 MPa -1 ) was determined for each segment:
Where, Sa (mm 2 ) is the sapwood transverse area of the segment (excluding the central pith).
Twig Water Potential (TWP) and Midday Water Potential
Three small twigs (5-7 cm long) from the considered trees were removed to measure the vulnerability curves using a Scholander pressure chamber (SKPM 1400®, Skye Instruments Ltd., Powys, UK), (Scholander et al., 1965) . Midday water potential was measured between 12:00 and 14:00 a.m. in dry months of 2016 to represent the hydric status in this period.
Safety Margins
According to Meinzer et al. (2009) , hydraulic safety margins of each species were estimated using the proxy between midday water potential (P min ) and xylem dysfunction (P 50 ). HSM (stem) = minimum Ψ stem -P 50stem . In order to reflect the intrinsic drought tolerance abilities under summer drought of plants in the field, we used the mean of minimum values Ψ stem in the dry summer.
Statistical Analysis
Statistical results were obtained in two steps. The first step was a combined analysis with three factors of classification. The second step consists on a simple analysis by a single factor of classification considering species, or site. The latter step was done since there are interactions between (species × site).Generalized linear models (GLMs) were applied to the following dependent variables: (1) P 50 ; (2) 
Results
Vulnerability to Cavitation
All vulnerability curves (VCs) for pine species in this experiment had a sigmoid shape. Statistically significant differences were obtained in cavitation resistance between species (p < 0.001) and sites (p = 0.039). For any given species, there were differences between sites (p < 0.001) and for any given site; there were differences between species (p < 0.001).
For P. halepensis P 50 was reached at -3.62 MPa, -3.57 MPa to -4.19 MPa in humid, sub-humid and semi-arid climates, respectively. While for P. brutia, P 50 was reached at -3.69 MPa, -3.88 MPa to -3.81 MPa in a humid, sub-humid and semi-arid climates, respectively. However, for Pinus canariensis, P 50 was varied between -3.05 MPa, -4.09 MPa and -2.65 MPa in humid, sub-humid and semi-arid climates, respectively (Table 1) . 
Midday Water Potential
Midday water potential had statistically significant differences between species (p < 0.001), sites (p < 0.001) and between dates of measurement (p < 0.001), and there is a significant interaction between climate and sites (p < 0.001). For any given species, there were differences between sites (p < 0.001). For any given site, there were differences between species (p < 0.001).
The mean of midday water potential revealed significant differences between species (p < 0.001) and sites (p < 0.001). For P. halepensis, P min was -3.63 MPa, -3.38 MPa and -3.18 MPa in semi-arid, sub-humid and humid climates. While for P. canariensis, P min was -2.04 MPa, -3.22 MPa and -2.62 MPa in semi-arid, sub-humid and humid climates. However, for P. brutia P min was varied between -3.62 MPa, -2.79 MPa and -2.06 MPa in semi-arid, sub-humid and humid climates (Table 2) . 
Hydraulic Safety Margins
Under dry conditions, the safety margin in P. halepensis was 0.44 MPa, 0.19 MPa, and 0.45 MPa in humid, sub-humid and semi-arid climates, respectively. The safety margin in Pinus brutia was 1.63 MPa, 0.89 and 0.19 MPa in humid, sub-humid and semi-arid climates, respectively. For P. canariensis, the safety margin was 0.43 MPa, 0.87 MPa, and 0.61 MPa in humid, sub-humid and semi-arid climates, respectively.
Correlation Between Specific Conductivity and P 50
The specific hydraulic conductivity was significantly different between species (p < 0.001) and sites (p < 0.001).The interaction term was also significant (p < 0.001). For any given species, there were differences between sites (p < 0.001). Furthermore, a positive low weak correlation index was noticed between cavitation resistance P 50 (safety) and xylem hydraulic conductivity ks (efficiency). The weak correlation was noticed mainly in P. brutia at the semi-arid and sub-humid climates with r 2 = 0.006 and r 2 = 0.028, respectively. In Pinus halepensis, the correlation was r 2 = 0.022 in a humid climates (Table 3) . Table 3 . Correlation indices and their significance level (prob, in italic) between Ks and P 50 in different pine species at three sites "SNT" (Souiniet), "JAB" (Jebel Abderrahmane) and "HNM" (Henchir Naam) Note. ns: non-significant.
Discussion
Distribution of Pine Species
The pressure inducing 50% loss of xylem hydraulic conductivity is considered a major vulnerability tolerance trait and it varies among pine species. The reason for species distribution seems to be related to cavitation resistance across multiple geographic scales (Delzon et al., 2010) . Pinus halepensis was much more resistant to cavitation in semi-arid climates. While Pinus brutia was more resistant to cavitation in humid climates However, Pinus canariensis was more resistant to cavitation and better adapted to sub-humid climates (Table 1) . Our results were in agreement with Brodribb et al. (2014) who reported that P. halepensis was highly adapted to aridity in a semi-arid study site (Figure 3) . Lopez et al. (2016) found differences in cavitation in vulnerability curves during the wet and dry provenance trials of P. canariensis (-3.1 MPa, -4.1 MPa, respectively). The hydraulic conductivity of the xylem is highly variable through species (Brodribb & Feild, 2000; Pockman & Jackson, 2004) . The cavitation responses are depending not only on species but also on the climate (site) in which they grow. Corcuera et al. (2011) confirmed that the site was a significant source of variation for cavitation resistance and stem specific conductivity.
These results suggest that cavitation vulnerability limits plant distribution by defining maximum drought tolerance across habitats (Pockman & Sperry, 2000) . These differences can be linked to an evolutionary divergence in hydraulic strategies within conifers when faced with drought (Brodribb et al., 2014) .
Hydraulic Safety Margins
The width of the safety margin varies among species and increases with the decline of vulnerability (Martinez-Vilalta et al., 2002) . All pine species had the same hydraulic strategies: they were resistant to cavitation, and the hydraulic safety margin was positive and revealed the difference in the degree of resistance to a drought of the species. Pinus halepensis, P. brutia and P. canariensis had a smaller safety margin under different climates.
Pine species adopted an extremely conservative water use mechanism (water saver) to maintain high drought resistance. Species that displayed a conservative xylem safety margin had a low risk of xylem cavitation were also those species that closed their stomata relatively early in response to desiccation. Our interpretation of these results is that isohydric species are more likely to maximize carbon uptake when conditions are favorable, but to do so and to avoid hydraulic failure, they also need to maintain larger safety margins (Skelton et al., 2015) . The low overall variation of minimum water potential as a general rule in pine species implies that structural and physiological adjustments take place to maintain water potentials within relatively narrow limits, in agreement with an isohydric behavior.
Cavitation Resistance (Safety) and Xylem Hydraulic Conductivity (Efficiency)
The relationship between cavitation resistance (safety) and xylem hydraulic conductivity (efficiency) was not significant within pine species in three climates. This result was in agreement with Maherali et al. (2004) (Table  2) . Furthermore, safety-efficiency trade-off may not be at all expected in gymnosperms, considering that safety appears to arise mainly from the amount of overlap between the sap-impermeable torus relative to the size of the pit aperture (Delzon et al., 2010,) which may have minimal influence on efficiency. The efficiency or safety thus arises from the design properties of the xylem tissue (membrane thickness, size, and quantity), conduit lumens (size, diameter) as well as inter-conduit (Gleason et al., 2016) .
The results of pine species in different climates indicate that high vulnerability to cavitation does not necessarily reflect low levels of resistance to drought, but may be part of the overall optimization of reduced water availability and the requirement for maintaining gas exchange under dry conditions.
The adaptation mechanisms of pine species by means of extremely conservative water use (water saver) contribute to high drought resistance.
Further studies are required to investigate the interaction effects between the responses of pine tree associated with drought resistance and soil physical properties.
Conclusions
Vulnerability to xylem cavitation has also been found to vary substantially across species. The responses are depending not only on species but also on the climates in which they grow. Pine species evolve to more negative P 50 to avoid the risk of xylem embolism during prolonged drought. Under dry conditions, P. halepensis, Pinus canariensis and P. brutia are better adapted to semi-arid, sub-humid and humid climates, respectively.
The findings of these experiments may help to quantify the impact of mid-summer water deficit on south Mediterranean pinewoods and to determine the tolerant pine species to drought. Therefore, this leads to preserving pine species which is a part of a future reforestation program.
